The sense of taste allows animals to sample chemicals in the environment prior to ingestion. Of the five basic tastes, sour, the taste of acids, had remained among the most mysterious. Acids are detected by type III taste receptor cells (TRCs), located in taste buds across the tongue and palate epithelium. The first step in sour taste transduction is believed to be entry of protons into the cell cytosol, which leads to cytosolic acidification and the generation of action potentials. The proton-selective ion channel Otop1 is expressed in type III TRCs and is a candidate sour receptor. Here, we tested the contribution of Otop1 to taste cell and gustatory nerve responses to acids in mice in which Otop1 was genetically inactivated (Otop1-KO mice). We first show that Otop1 is required for the inward proton current in type III TRCs from different parts of the tongue that are otherwise molecularly heterogeneous. We next show that in type III TRCs from Otop1-KO mice, intracellular pH does not track with extracellular pH and that moderately acidic stimuli do not elicit trains of action potentials, as they do in type III TRCs from wild-type mice. Moreover, gustatory nerve responses in Otop1-KO mice were severely and selectively attenuated for acidic stimuli, including citric acid and HCl. These results establish that the Otop1 proton channel plays a critical role in acid detection in the mouse gustatory system, evidence that it is a bona fide sour taste receptor.
In Brief
Otop1 forms a proton channel expressed in taste receptor cells that detect sour stimuli. Teng et al. show that mice in which Otop1 is genetically inactivated have severely diminished cellular and gustatory nerve response to acids, indicating that Otop1 functions as a sour taste receptor.
INTRODUCTION
The taste system analyzes soluble chemicals in foods prior to ingestion to maximize the consumption of nutrients and avoid toxins and other noxious agents [1, 2] . In most mammalian species, five basic tastes-bitter, sweet, sour, salty, and umamiare detected by subsets of taste receptor cells (TRCs) on the tongue and palate. These specialized epithelial cells have receptors that respond to each of the five basic tastes. Bitter, sweet, and umami are detected by G protein-coupled receptors that signal through phospholipase C to open the TRPM5 ion channel, leading to membrane depolarization and neurotransmitter release onto gustatory nerves [3] [4] [5] . Salty taste involves at least two separate signaling mechanisms: low concentrations of NaCl are detected by the amiloride-sensitive ENaC channels that are present in a unique population of cells [6] [7] [8] , whereas higher concentrations of salt are detected by a mixed population of cells that are also sensitive to sour and bitter tastes [9] [10] [11] . The molecular nature of the receptor mechanisms mediating the detection of high concentrations of salts or of sour taste is still largely unknown. Here, we focus on sour taste.
Early experiments showed that mineral and organic acids applied to the tongue elicited an increase in electrical activity in gustatory nerve fibers that innervate taste buds [12] and mapped sensitivities to acids across the tongue by recording from nerves that innervate anterior (chorda tympani) and posterior (glossopharyngeal) taste fields (e.g., in rat [13, 14] or mouse [15, 16] ). More recent studies have shown that acids are detected by type III TRCs, which are found in taste buds throughout the oral cavity, and can be identified by the presence of unique marker proteins, including Gad1 and PKD2L1 [17] [18] [19] [20] [21] [22] [23] . Specific ablation of type III TRCs, through expression of attenuated diphtheria toxin (DTA) in PKD2L1-expressing cells, eliminates chorda tympani nerve responses to sour stimuli [17] , confirming the essential role of type III TRCs in sour taste physiology. However, knockout of the PKD2L1 gene has little effect on cellular or gustatory nerve response to acids, indicating that it is not the primary sour receptor [24, 25] .
The first step in sour taste transduction is generally agreed to be an influx of H + ions into the type III TRCs and the subsequent decrease in intracellular pH [26] [27] [28] . This reduction in intracellular pH has been proposed to block a resting K + channel, Kir2.1 [29] [30] [31] , leading to membrane depolarization. In the protonated form, weak acids, such as acetic acid, can cross cell membranes and acidify the cell cytosol [28, 32] , but strong acids, such as HCl, require transport by specific membrane proteins. Recordings from isolated type III TRCs show that protons penetrate the plasma membrane through a membrane protein that is Zn 2+ sensitive and specific to type III TRCs [33] . From a differential RNA sequencing (RNA-seq) screen for membrane protein-encoding genes expressed in type III TRCs, we identified Otop1 as encoding a proton-selective ion channel that represents a promising candidate for the elusive sour receptor [34] . Here, we test the contribution of Otop1 to sour taste transduction in mice carrying a functional null mutation in their Otop1 gene (Otop1-KO mice). In patch clamp recording, pH imaging, and gustatory nerve recording, we find that responses to acid stimuli are severely attenuated in Otop1-KO mice as compared with the response in wild-type (WT) mice. Collectively, these data show that Otop1 is an essential component of a proton channel in TRCs that functions as an acid sensor to contribute to sour taste.
RESULTS

Proton Currents in Taste Receptor Cells and HEK293 Cells Expressing Otop1 Have Similar Properties
To examine the role of Otop1 in taste transduction, we first compared the functional properties of Otop1 expressed in HEK293 cells and the native proton channels in TRCs. We isolated TRCs from mice in which the PKD2L1 promoter drives expression of yellow fluorescent protein (PKD2L1-YFP mice) [33] and identified type III TRCs based on expression of YFP. Proton currents were evoked by rapidly lowering the pH in the presence of an N-methyl-D-glucamine (NMDG) based extracellular solution (to prevent contamination from Na + -permeable channels) [33] . Consistent with previous findings [34] , in both type III TRCs and Otop1-expressing HEK293 cells, this stimulus evoked an inward current that increased in magnitude as the extracellular pH was lowered ( Figure 1A ). To quantitatively compare characteristics of the heterologously expressed Otop1 channels and native channels, we measured sensitivity to Zn 2+ , which blocks proton currents in TRCs [33] . Zn 2+ inhibited the proton currents elicited in both type III TRCs and Otop1-expressing HEK293 cells ( Figures  1B and 1C) . However, the IC 50 (0.10 mM) for type III TRCs was slightly less than the IC 50 (0.36 mM) for Otop1-expressing HEK293 cells, suggesting differences in the presence of auxiliary subunits or in cellular environment between the two cell types. Zn 2+ inhibition of the proton current in TRCs is pH sensitive [35] . We found that the Zn 2+ inhibition of the current in Otop1-expressing HEK293 cells was also pH sensitive with an EC 50 of 5.12, which was similar to the EC 50 of pH 4.95 detected for proton currents in the TRCs ( Figure 1D ). The similarity in functional properties of Otop1 currents and the proton currents in TRCs suggests that Otop1 constitutes the key component of the channel that carries the proton current in TRCs.
Otop1 Is Required for Proton Currents in Type III Taste Receptor Cells
Studies with mice that have the tlt mutation in their Otop1 gene [36] showed that this mutation, which affects trafficking of the channels, strongly attenuates but does not completely eliminate the proton currents in TRCs [34] . To definitively establish the necessity of Otop1 for proton currents in TRCs and test contributions of the channel to taste signaling in vivo, we used CRISPR/Cas 9 gene editing [37, 38] to engineer PKD2L1-YFP mice lacking a functional Otop1 gene. We selected a mutant that deleted 38 nucleotides at the N terminus of the protein, producing a frameshift that is predicted to generate a nonfunctional truncated protein, and we refer to the mutant strain as Otop1-KO mice (Figures 2A and 2B ). Like tlt mice [39] , Otop1-KO mice cannot right themselves when challenged on a forced swim test, providing independent confirmation that the mutation correctly targeted the Otop1 gene. The mutation did not affect the number of type III TRCs or their gross morphology (Figures S1A and S1B). We also found no change in the magnitude or the kinetics of the voltage-gated Na + currents in these cells (Figures S1C-S1E ).
We isolated type III TRCs from fungiform papillae and circumvallate papillae that are located in the anterior and posterior regions of the tongue, respectively ( Figures 2C and 2E ). Both regions contribute to sour taste but vary in taste-signaling molecules [6, 18, 40] . We recorded proton currents from the TRCs isolated from Otop1-KO mice and wild-type littermates by changing the solution from neutral pH (7.4) to a moderately acidic pH (pH 6-pH 5, adjusted with HCl) and measuring the current at À80 mV. Proton currents of similar magnitude were measured from type III TRCs isolated from anterior and posterior tongues of wild-type animals ( Figures 2C-2F ), whereas no currents were elicited from type III TRCs isolated from the anterior or posterior tongues of Otop1-KO mice ( Figures 2C-2F) . Notably, the small residual proton current observed in TRCs from the tlt mouse [25] was not present in TRCs from Otop1-KO mice. Thus, the homozygous mutation of Otop1 completely eliminated the low-pH-induced proton current in type III TRCs from anterior and posterior tongue. Several lines of evidence established that the mutant allele does not generate a proton channel or serve as a dominant negative to inhibit activity of wild-type Otop1 channels. First, we expressed the mutant allele, which we refer to as Otop1_-38, in HEK293 cells and recorded responses to acid stimuli with patch clamp recording. Otop1_-38-expressing cells generated no detectable proton currents, indicating that any protein encoded by the mutant allele, if expressed, did not produce a functional proton channel ( Figure S2A ). We also co-expressed wild-type and Otop1_-38 mRNA in Xenopus oocytes. The magnitude of the proton current was directly proportional to the amount of wild-type mRNA injected, and there was no discernable inhibitory effect of the mRNA for the mutant allele ( Figure S2B ). Finally, we measured the magnitude of the proton currents in type III TRCs cells isolated from heterozygous mice and found that it was approximately half that of the current magnitude measured from cells isolated from wild-type animals ( Figure S2C) ; this is the value expected from a gene dosage effect and is considerably greater than the 75% reduction in the current magnitude that would be expected if the mutation in these dimeric channels exerted a dominant negative. Given the gene dosage effects of the allele, for the remainder of the experiments, we compared wild-type mice with mice homozygous for the mutation.
Cellular Responses to Acid Stimuli Are Severely Attenuated in Type III Taste Receptor Cells from Otop1-KO Mice To determine whether Otop1 is required for the cellular responses of type III TRCs to acidic stimuli, we measured two responses that are indicators of sour taste transduction: lowering of intracellular pH and firing of action potentials [23, 28, 33, 35] . To measure dynamic changes in intracellular pH, circumvallate TRCs isolated from wild-type and Otop1-KO animals were loaded with the pH-sensitive indicator, pHrodo red, which emits in a wavelength different from that of YFP and thus can be used with the YFP-expressing TRCs. Consistent with the previous findings [28, 33] , lowering extracellular pH to 5.0 with HCl elicited a change in intracellular pH in type III TRCs (YFP + ) from wild-type animals, a response not observed in non-fluorescent TRCs (YFP À ), which are not type III TRCs and serve as a control for non-specific leak of protons ( Figure 3A ). This change in intracellular pH was not observed in type III TRCs isolated from Otop1-KO mice. Instead, these Otop1-KO cells responded with a slow change in intracellular pH similar to that observed in control cells that did not express YFP (Figures 3B and 3C). As a control for loading of the fluorescent indicator, we exposed the cells to acetic acid, which at pH 5 is membrane permeable and causes intracellular acidification in all cells (e.g., [41] ). No difference was observed in the response to acetic acid when comparing YFP+ cells from wild-type or Otop1-KO animals ( Figures 3A, 3B , and 3D), indicating that the observed differences in responses to the strong acid between the genotypes were not due to differential loading of the pH indicator. Cellular viability and general excitability were tested in the same cells, which had been loaded with the calcium indicator Fura-2 AM. Wild-type and Otop1-KO TRCs responded similarly to high K + ( Figures 3E and 3F ), which opens voltage-gated calcium channels present in these cells [19] , indicating that the gene inactivation did not have non-specific effects on cellular physiology. From these experiments, we concluded that Otop1 is required for the rapid intracellular acidification of type III TRCs in response to strong acid stimuli.
Type III TRCs, but not other TRCs, respond to changes in extracellular pH by firing action potentials [23, 33, 35] , which represents a sensitive readout for sensory transduction. We used cell-attached patch clamp recording to measure action potentials in type III TRCs isolated from circumvallate papillae of wild-type and Otop1-KO animals. As previously reported [35] , wild-type cells exhibited a dose-dependent increase in firing as extracellular pH was lowered from pH 7.4 to a pH between 7.0 and 6.3 ( Figures 4A and 4B ). In contrast, type III TRCs from Otop1-KO mice were completely unresponsive to changes in extracellular pH over this same pH range ( Figures  4C and 4B ). Both Otop1-KO and wild-type cells responded to a depolarizing concentration of K + (25 mM KCl), which served as a control for cell viability and general electrical excitability ( Figures 4A and 4B ). For wild-type cells, the firing rates decreased when the pH was lowered below pH 6.0, presumably due to inactivation of voltage-gated Na + channels ( Figures   4C and 4D ). Although the response to mild acidification (solutions as low as pH 6.3) was eliminated in Otop1-KO cells, the cells still responded to more strongly acidic solutions (pH 6.0 and 5.0) with a few action potentials ( Figures 4C and 4D ). In wild-type cells, the response to more strongly acidic solutions was accompanied by an increase in electrical noise, presumably reflecting the opening of either Otop1 or other ion channels; this increase in noise was not observed in the Otop1-KO cells ( Figure 4C ). These data show that Otop1 is required for the generation of action potentials by type III TRCs in response to moderate concentrations of acids.
Gustatory Nerve Responses to Acid Stimuli Are Severely Attenuated in Otop1-KO Mice
TRCs communicate with afferent nerve fibers that coalesce to form the chorda tympani nerve, which innervates the front of the tongue, and the glossopharyngeal nerve, which innervates the back and sides of the tongue. We first measured integrated gustatory nerve responses from the chorda tympani in response to a panel of chemicals that represent the basic taste stimuli: bitter (quinine), sweet (saccharin), umami (MSG + IMP), salty (NaCl with or without amiloride), and sour (HCl, acetic acid, and citric acid, each at 10 mM) ( Figure 5A ). Responses of the chorda tympani to the sour stimuli were severely and significantly attenuated in the Otop1-KO mice compared to the responses in wild-type controls ( Figure 5B ). Note that the data reach greater significance in the responses to citric acid and HCl because, at the concentration tested (10 mM each), the response to acetic acid is smaller, so the noise in the data exerts a larger effect. As a control, we compared the amiloride-sensitive component of the salt taste response, which is mediated by ENaC channels expressed by a subset of TRCs distinct from those that mediate sour taste [6] [7] [8] and found no difference between wild-type and Otop1-KO animals. There was also no significant difference in the responses of wild-type and Otop1-KO animals to any of the other tastants, although we detected a non-significant decrease in the response to the representative bitter stimulus, quinine-HCl. We also measured integrated nerve responses from the glossopharyngeal nerve to a similar panel of taste stimuli applied to the back of the tongue. Response to two of the acid stimuli, citric acid and HCl, were severely and significantly reduced in Otop1-KO animals, compared with the responses in wild-type controls. Responses to all non-acid stimuli except ammonium chloride (NH 4 Cl) were similar between Otop1-KO and wild-type animals ( Figure 5C ).
Mice show a natural behavioral aversion to solutions containing high concentrations of mineral or organic acids, which can be measured with a two-bottle taste-preference test [24] . However, ablation of type III TRCs or elimination of signaling between TRCs and nerve fibers has no effect on behavioral avoidance of acids [42, 43] . Because Otop1 functions in type III TRCs, we did not expect Otop1-KO mice to exhibit any difference from wild-type mice in this behavioral aversion test. Indeed, when we compared Otop1-KO and wild-type littermates on two variants of this test and with two different acidic stimuli, we found no difference between the mice of the two genotypes ( Figure S3A ). In a 48 h two-bottle taste-preference assay, mice of both genotypes exhibited similar avoidance to HCl over a concentration range of 1-30 mM ( Figure S2A ). In a short-access (30 min) two-bottle preference assay, mice of both genotypes reacted similarly to citric acid over a concentration range of 0.05-3.0 mM (Figure S3B) , which includes concentrations that are appetitive to some strains of mice [44] . Thus, Otop1 is not required in mice for innate behavioral aversion to acids.
DISCUSSION
In this study, by combining cellular electrophysiology, intracellular pH imaging, and gustatory nerve recordings, we showed that Otop1 encodes a proton channel enriched in type III TRCs, which is required for sensitive detection of acids by the gustatory system. Using gene-editing technology, we generated an Otop1 null mutant and found that inward proton currents elicited by low pH and the decrease in intracellular pH following acidic stimuli were completely eliminated in type III TRCs from the Otop1-KO mice. The similarity between heterologously expressed Otop1 currents and the currents elicited in type III TRCs and the absence of a proton current in the Otop1-KO mice provides strong evidence that Otop1 forms the proton channel within type III TRCs. Isolated type III TRCs fire trains of action potentials in response a reduction in extracellular pH (from 7.4 to <7.0); this response was eliminated in type III TRCs from Otop1-KO mice, demonstrating the necessity of Otop1 for sensory detection of low concentrations of acids. However, Otop1-KO cells still exhibited some sensitivity to high concentrations of acids, suggesting alternative pathways and some functional redundancy in acid sensing. In addition, we found that response of both the chorda tympani and the glossopharyngeal nerves to acids were severely attenuated in Otop-KO mice, consistent with the TRC cellular physiology. Thus, we conclude that Otop1 functions as a sensitive detector of acids in type III TRCs and is a component of sour taste transduction ( Figure 6 ). Weak organic acids, such as citric and acetic acid, and strong mineral acids, such as HCl are perceived as sour by humans and avoided at high concentration by mice. Although pH is one determinant of sour intensity, the nature and concentration of the weak acid also plays an important role [45] . For example, citric acid is perceived as more sour than HCl at the same pH. One hypothesis to explain this phenomenon postulates that the shuttling of protons by organic acids, many of which can cross cellular membranes in the protonated form, is sufficient to lower the intracellular pH of the TRC and drive sensory transduction [27, 46] . An alternative, not mutually exclusive, hypothesis is that organic acids serve as a source of H + , which would otherwise be absorbed by salivary proteins and buffers. These hypotheses are difficult to disambiguate, and existing data to support the shuttling hypothesis have relied on a correlations between intracellular pH and gustatory nerve responses [27] . We found that gustatory nerve responses to both weak organic acids and strong mineral acids are similarly attenuated in the absence of functional proton channels; this is more consistent with the latter hypothesis and suggests that shuttling of protons across cell membranes by organic acids may play a less critical role than previously thought. Whereas our data showed that Otop1 is an acid sensor in the gustatory system, it also showed that it is not the only one. Although the targeted inactivation of Otop1 completely eliminated proton currents in taste cells from anterior and posterior taste fields, responses of chorda tympani and glossopharyngeal nerves to sour stimuli were severely attenuated but not eliminated, regardless of the nature of the sour stimulus (strong acid versus weak acid). Similarly, although responses of isolated TRCs to mildly acidic stimuli (pH 6.0-7.0) were largely eliminated in the Otop1-KO mice, responses to more strongly acidic stimuli (pH 5.0) still occurred (albeit with reduced intensity). The mechanism(s) underlying this retained acid sensitivity is not clear. The inward rectifier K + channel, Kir2.1, present in type III TRCs, is inhibited by intracellular acidification [31] (Figure 6 ), but a role in mediating responses to strong acids (HCl) in the absence of Otop1 or other specific transport mechanism to allow protons to cross the cell membrane is not expected. One intriguing possibility is that the remaining response is mediated by another pH-sensitive channel or receptors previously identified in type III TRCs. For example, a member of the TRP channel family, PKD2L1, has been hypothesized to play a role in sour taste sensation [18, 47, 48] . Although responses to acidic stimuli were mostly unaltered in PKD2L1 KO or PKD2L1/1L3 double KO mice [25] , it is possible that the contribution of the channel is unmasked in the Otop1-KO mouse. Another possibility is that the response is mediated by a member of the two-pore domain potassium channel (K2P) family, members of which are sensitive to both extra-and intracellular pH [49] . Several K2P family members are present in TRCs [31, 50] . In addition to the consistent change in the response of the gustatory nerves to the acidic stimuli, we also observed an attenuation of the response to some of the other taste stimuli. Notably, the response of the chorda tympani nerve to the bitter stimulus quinine-HCl was reduced (although the change did not reach statistical significance), and the response of the glossopharyngeal nerve to NH 4 Cl was significantly attenuated. We do not have a clear understanding of the cellular and molecular factors that contribute to these changes in responsivity; however, they are consistent with mounting evidence that taste signaling may not strictly conform to a labeled line model [51, 52] . Consistent with our results, sensitivity to acids is often associated with sensitivity to quinine-HCl in single chorda tympani units [16] and taste cells in fungiform papillae they innervate [23] . An effect of the inactivation of Otop1 on responses of the glossopharyngeal nerve to NH 4 Cl is in line with other evidence showing that type III TRCs in circumvallate papillae mediate a component of the response to salty stimuli [9, 10] and that single units in the glossopharyngeal nerve that respond to acid stimuli also generally respond to NH 4 Cl [13] . It is worth noting that NH 4 Cl exists in equilibrium with NH 3 and H + , and thus, it is not hard to imagine that a proton channel could contribute to the ammonium response. Further studies will be needed to determine whether Otop1 contributes to bitter or high salt detection, either directly or indirectly.
Our results provide the first evidence for a molecule that is both necessary and sufficient to confer sensitivity to acids in the context of taste signaling. In the fruit fly Drosophila melanogaster, acids are sensed by gustatory neurons [1, 54] , and several receptor molecules have been identified that are necessary for their detection: IR76b and IR25a are required for the detection of carboxylic and mineral acids that are attractive and lead to female oviposition [55] . IR76a, IR25a, and IR56d form a receptor involved in behavioral attraction to fatty acids [56] , whereas IR7a is required for behavioral aversion to acetic acid [57] . However, functional reconstitution of any of these receptors in a heterologous cell type has not been reported, although IR7a conferred acid responsiveness to sweet-sensing cells within the fruit fly [57] . In contrast, Otop1 is well established to function as a proton channel in heterologous cells [34] . Moreover, cryoelectron microscopy (cryo-EM) studies have revealed the structure of the Otop1 channel [58] , allowing an understanding of how proton selectivity is achieved.
In summary, we present several lines of evidence that Otop1 functions as a sensitive acid detector and signal transducer in the gustatory system and, thus, can be considered a sour taste receptor. Sour is one of the more complex of the taste qualities, evoking both attractive and aversive behaviors in humans and mice [44] , depending on concentration, context (for example, whether sugar is present), and learning. In mice, acidic solutions are detected by both the somatosensory and gustatory system, and avoidance behavior does not require a functioning gustatory system [42, 43] . How the gustatory component of acids is used to guide behavior and food choice in mice remains an open question. Our data also showed, unexpectedly, that gustatory responses to acid stimuli are not completely eliminated in Otop1-KO mice, pointing to the presence of other acid-sensing components. Although our data provide one receptor in this complex sensory modality, the identification of the full complement of receptors and channels that contribute to sour taste transduction remains a goal for the future.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Cell lines HEK293 cells (ATCC, CRL-1573) were grown in humidified incubator at 37 C in 5% CO2 and 95% O2. The cells were cultured in highglucose DMEM (ThermoFisher, 11995073) containing 10% fetal bovine serum (Life Technology, 16000044), and 50mg/mL gentamicin (Life Technology, 15750060). Cells were passaged every 3 -4 days, at 1:5 or 1:10 dilutions.
Xenopus laevis oocytes
Xenopus laevis ooctyes were provided by Ecocyte Bioscience. mRNA (0.5ng, 50 nL) was injected into oocytes with a Nanoject II AutoNanoliter Injector (Drummond, 3-000-204) and oocytes were incubated in modified barth's solution (MBS, Ecocyte Bioscience LRE-S-LSG-1006-7) at 18 C for 48 h before recording.
Animal strains
All animal procedures were approved by the Institutional Animal Care and Use Committees of either the University of Southern California, the University of Colorado Denver or Harvard Medical School. The mouse strain PKD2L1-YFP is a BAC transgenic line in which the promoter of Pkd2l1 drives expression of YFP as previously described [33] . The Otop1-KO mouse was generated in the USC/Norris Cancer Center Transgenic/Knockout Rodent Core at the University of Southern California through gene-editing of the PKD2L1-YFP strain (in a B6/D2 background). Health status of animals was monitored daily and only healthy animals were used in experiments. Animals used in experiments were not involved in previous experiments or exposed to any drugs. Mice used in all experiments comprised both male and females. For taste cell recordings, mice aged 6 -12 weeks were used as previously described [33] . For nerve recordings, mice aged 12-36 weeks were used. For behavioral testing, mice aged 12-24 weeks were used. Wild-type controls were littermates of the Otop-KO mice used, or were from the strain (PKD2L1-YFP) from which the Otop1-KO strain was derived. There was no noticeable difference between the two, and unless otherwise indicated, both were used in the experiments.
METHOD DETAILS
CRISPR-Cas9 mediated generation of Otop1-KO (Otop1 em1Lmn ) mice
To generate a null allele, guide sequence targeting the N terminus of the protein (CGCCGGGGACCGGAAGCTTG) was selected and checked for potential off-target sites using https://www.pnabio.com/support/gRNATool.htm and https://zlab.bio/ guide-design-resources. Guide sequence was cloned into pX330 vector (Addgene), which included tracrRNA sequence. In vitro transcription with T7 MEGA ShortScript kit (Thermo Fisher Scientific) was performed, using PCR product of T7-sgRNA from pX330 vector, to generate sgRNA. The efficacy of sgRNA was tested with in vitro Cas9 digestion. sgRNA (100 ng/mL), plus Cas9 mRNA (200 ng/mL, TriLink) or Cas9 protein (100 ng/mL, PNABio) were injected into zygotes of PKD2L1-YFP transgenic and B6D2F1 mice. The F1 mice were genotyped by subcloning and sequencing fragments of genomic DNA around the predicted cut site. An animal carrying a deletion of 38 bp on exon 1, starting at nucleotide 120 of the coding sequence of Otop1, was selected for breeding. antibodies. Additional attempts to generate antibodies also failed. The validation of the knockout phenotype therefore relies on the following observations: (1) behavioral effect on vestibular system as assayed with a forced swim test and (2) confirmation that 38 bp at the N terminus of the protein was eliminated. Note that if the original initiating methionine is used, the deletion is expected to generate a truncated protein of 173 amino acids (containing the first 40 amino acids of Otop1) while If an internal methionine is used, a nonfunctional protein lacking at least the first two transmembrane domains would be generated.
Taste cell isolation
Taste cells were isolated from adult mice (6 -12 weeks) as previously described [5, 33] . Briefly, an enzyme mix consisting of Tyrode's solution supplemented with 1mg/mL elastase (Worthington Biochemical), and 2.5 mg/mL Dispase II (Sigma Aldrich), was injected between the epithelium and muscle of isolated tongue, which was then incubated in Tyrode's solution bubbled with 95% O2 / 5% CO2 for 20 min. The epithelium was then peeled off from the tongue. For circumvallate papillae, a small piece of the epithelium containing the papillae was trimmed and incubated in the enzyme mix for another 15 min at room temperature. For fungiform papillae, the epithelium was pinned inside out in a small chamber filled and was incubated in Ca
2+
-free Tyrode's for 5 min. Then the Ca 2+ -free solution was disposed and the chamber was refilled with regular Tyrode's solution and the taste buds were suctioned out with a fire-polished wide-bore capillary. For both preparations, single cells were isolated by further trituation in Tyrodes's solution with fire-polishted Pasteur pipettes and were used in the following 4 -6 h.
Transfection of HEK293 cells HEK293 cells were transfected in 35mm Petri dishes, with about 600ng DNA and 2 mL TransIT-LT1 transfection reagent (Mirus Bio Corporation) following manufacturer's protocol. Specifically, mOtop1 was co-transfected with GFP with a ratio of 5:1 into HEK293 cells. The cells were lifted using Trypsin-EDTA 24 h after transfection and plated onto a coverslip for patch clamp recordings.
Patch clamp electrophysiology
Whole-cell patch clamp recording was performed as previously described [33] . Briefly, recordings were made with an Axonpatch 200B or 700B amplifier, digitized with a DIgidata 1322a 16-bit data acquisition system, acquired with pClamp 8.2 and analyzed with Clampfit 8.2 (Molecular devices). Records were sampled at 5 kHz and filtered at 1 kHz. Patch pipettes with resistance of 2 -4 MU were fabricated from borosilicate glass and only recordings in which a gigaohm seal was achieved were used in the analysis. For most of the experiments, the membrane potential was held at À80 mV. Cell-attached recordings on TRCs were performed as previously described [35] . In brief, Type III TRCs, were selected for cell attached recordings that had a typical flask-shape morphology, intact apical processes and presence of YFP expression. For quantitation, the firing rate of action potentials was measured during the 6 s following application of stimuli unless otherwise stated. As a control, we tested overall electrical excitability of the TRCs by applying an extracellular solution containing 25 mM K + .
Patch clamp electrophysiology solutions
Tyrode's solution contained 145 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , 2 mM CaCl 2 , 20mM D-Glucose, 10mM HEPES (pH 7.4 with NaOH). For control experiements measuring exitability of TRCs, 25 mM NaCl was replaced by equimolar concentration of KCl. Standard pipette solution contained 120 mM Cs-aspartate, 15 mM CsCl, 2 mM Mg-ATP, 5 mM EGTA, 2.4 mM CaCl 2 (100 nM free Ca 2+ ), and 10 mM HEPES (pH 7.3 with CsOH; 290 mosm). Standard NMDG-based extracellular solutions contained 160 mM NMDG-Cl, 2mM CaCl 2 , and either 10 mM HEPES (for pH 7.4), 10 mM MES (for pH 6 -5.5), or 10 mM HomoPIPES (for pH 5 -4.5), pH adjusted with HCl. Proton currents were measured with NMDG-based extracellular solutions. Voltage-gated Na + currents were measured in Tyrode's solution. For cell-attached recordings, the pipette contained Tyrode's solution, and the extracellular solutions contained Tyrodes solution in which HEPES was replaced the appropriate buffer (as above) and the pH was adjusted as indicated in the figure. For control experiements measuring exitability of TRCs, 25 mM NaCl in Tyrode's solutions was replaced by equimolar concentration of KCl.
Xenopus oocyte electrophysiology Two-electrode voltage clamp (TEVC) was performed as previously described [34] . The borosilicate glass pipette was pulled with P-97 Flaming/Brown type micropipette puller and its resistance was within the range of 1-5 MU. The current was measured with GeneClamp 500 amplifier (Axon). Solution exchange was executed by gravity driven perfusion. The membrane potential was held at À20 mV, and voltage ramps were applied every second from À80 mV to +20 mV (1V/s). For all recordings, oocytes were pre-incubated for 5-10 min in 100 mM 4,4'-Diisothiocyano2,2'-stilbenedisulfonic acid (DIDS) to block endogenous Ca 2+ -activated chloride channels (TMEM16A) that are activated by solutions of low pH [60] before the application of acids.
Oocyte electrophysiology solutions
For measuring the current change in response to a change in pHo, Na + -free solutions were used, containing (in mM): 100 N-methyl-D-glucamine (NMDG), 2 KCl, 1.8 CaCl 2 , 2 MgCl 2 , buffered with either 10 mM HEPES 7.4 or with 2-(N-morpholino)ethanesulfonic acid (MES, 10 mM) for pH 4.5 and 5.5. pH was adjusted with HCl.
Two-bottle taste preference Two-bottle taste preference test were performed using methods similar to what has been described [62] except that chow was distributed on the floor of the cage to reduce side preferences. Drinking tubes were made of plastic serological pipettes that contained a spout at one end and a rubber stopper at the top. Mice were initially conditioned to drink from both tubes which were filled with dH 2 O for two days to ensure that they showed no sided-preference. For tests with acid solutions, one of the drinking tubes was filled with dH 2 0 and the other tube contained dH 2 O in which the acid was added, with testing done in ascending order of concentration. Fluid consumption was measured by weighing the tubes. Related to Figure S3 . To test the relative preference of HCl solutions to water, mice were presented with an HCl containing tube (1 -30 mM) and another drinking tube containing dH 2 O. The location of these two tubes was exchanged 24 h after the experiment began. The fluid consumptions in 0 -24 h and 24 -48 h from each tube were measured and averaged. The preference was calculated as the ratio of the averaged HCl solution intake to the averaged total fluid intake.
To test the relative preference of citric acid solution to water, mice were water deprived 16 h before the experiment. On the experiment day, the mice were given a 30-min presentation of citric acid solution and dH 2 O, then a 6 h interval without water, and another 30-min presentation of the solutions and water with locations exchanged. The fluid consumption of CA solutions and water were measured in each 30 min time window and averaged. The preference was then calculated as the ratio of the averaged CA solution intake to the averaged total fluid intake.
QUANTIFICATION AND STATISTICAL ANALYSIS
All data are presented as mean ± SEM unless otherwise noted. Statistical analysis (ANOVA or Student's t test) were performed using Graphpad Prism (Graphpad Software Inc). Sample sizes in the present study are similar to those reported in the literature for similar studies. Representative data shown in the figures acquired with PClamp was in some cases decimated 10-fold before exporting into the graphics programs Origin (Microcal) and Coreldraw (Corel).
DATA AND CODE AVAILABILITY
Data are available from the Lead Contact upon reasonable request.
